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a b s t r a c t

We present the fabrication of a microdevice for the detection of phenol by combining microflu-
idic channels and poly(2-hydroxyethyl methacrylate) (PHEMA) hydrogel microparticles containing
tyrosinase–quantum dot conjugates. PHEMA hydrogel microparticles containing conjugates of enzyme
(tyrosinase) and quantum dot (QD) were prepared by dispersion photopolymerization and entrapped
vailable online 22 February 2011
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within a microfilter-incorporated reaction chamber in a microfluidic channel. The fluorescence change,
due to the fluorescence quenching effect caused by the enzyme reaction between phenol and tyrosinase,
was used to detect phenol. The fluorescence intensity of PHEMA hydrogel microparticles containing
tyrosinase–QD conjugates at 585 nm decreased with phenol concentration. In conclusion, the microflu-
idic channels fabricated in this study entrapping PHEMA hydrogel microparticles containing enzyme–QD

ntial
henol
yrosinase–quantum dot conjugates

conjugates show the pote

. Introduction

Phenolic compounds are a class of polluting chemicals easily
bsorbed by animals and humans through the skin and mucous
embranes. A considerable number of organic pollutants, widely

istributed throughout the environment, have a phenolic structure.
heir presence in surface and ground water poses a potential hazard
o human health. Therefore, there is a growing interest in selec-
ive and sensitive detection of phenolic compounds. However, the
onventional techniques for the detection of phenolic compounds,
uch as chromatographic, fluorimetric, and spectrophotometric
ethods, are expensive, time-consuming, need skilled operators,

nd sometimes require preconcentration and extraction steps that
ncrease the risk of sample loss. Thus, much effort has been devoted
o the development of simple, sensitive, accurate, and portable
evices to determine the environmental presence and concentra-
ion of phenolic compounds [1–4]. Among these, biosensors based
n tyrosinase, a copper-containing monooxygenase enzyme, are
imple and convenient tools for phenol assays due to their high sen-
itivity, effectiveness, and simplicity [5,6]. However, despite recent

fforts to develop tyrosinase-based biosensors for the detection
f phenol, few studies have been reported for developing optical
iosensors at the micrometer scale. The miniaturization of biosen-
ors has various advantages over conventional analytical devices,
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to be used as an analytic microdevice for the detection of phenol.
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including a smaller dead volume and sample consumption, lower
cost, greater sensitivity, higher reproducibility and precision, and
the potential to create portable diagnostic tools for on-site analy-
sis. In addition, miniaturized devices provide a safe environment in
terms of operator handling of toxic and reactive compounds since
nano/micro-volumes of sample are sufficient for analysis [7–9].

In this study, we have developed microdevices for the
detection of phenol by combining microfluidic channels and
poly(2-hydroxyethyl methacrylate) (PHEMA) hydrogel micropar-
ticles containing tyrosinase–quantum dot conjugates. In general,
for biosensors using enzymes, enzymes are immobilized on hard
and dry surfaces such as glass, silica, or magnetic surfaces. How-
ever, the main problem associated with enzyme immobilization
on a hard surface is that the conformational state of many pro-
teins is very labile and unable to withstand the patterning process
conditions, eventually losing their native structure and function
[10]. In order to solve this problem, we immobilized enzymes
within hydrogel microparticles. Immobilization of enzymes within
hydrogel microparticles provides a higher density of enzyme than
can be achieved via surface immobilization, as well as a protec-
tive environment for the enzyme, resulting in maintenance of the
stability of the enzyme due to the features of hydrogels, such
as hydrophilicity, biocompatibility, permeability and highly cross-

linked networks [11–13]. In addition, microparticles are able to be
incorporated into microanalytic devices because of their compa-
rable size to that of microchannels [14]. Conjugates of tyrosinase
and quantum dot (tyrosinase–QD conjugates) were prepared and
encapsulated in PHEMA hydrogel microparticles by a dispersion
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Fig. 1. PHEMA hydrogel microparticles containing tyrosinase–QD conjugates: (a)
fluorescence microscope image of PHEMA hydrogel microparticles containing
tyrosinase–QD conjugates (excitation at 315 nm) and (b) emission spectra of PHEMA
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oxidized in an oxygen plasma (Harrick Scientific Co., Ossining, NY,
ydrogel microparticles containing tyrosinase–QD conjugates as a function of phe-
ol concentration; phenol concentration (�M) = 0(©), 200(♦), 400(�), and 600(�)
excitation at 315 nm).

hotopolymerization. These microparticles were then entrapped
ithin the microfluidic channels fabricated with PDMS in order

o make an analytic microdevice. Lastly, the device was tested by
nvestigating the fluorescent change according to the phenol con-
entration to demonstrate the potential application as an analytic
icrodevice for the detection of phenol.

. Experimental

.1. Materials
2-Hydroxyethyl methacrylate (HEMA, MW 130), poly(ethylene
lycol) dimethacrylate (PEGDMA, MW 550), tyrosinase from
ushrooms (5370 units/mg solid), silicon oil, and N-(3-

imethylamioproryl)-N-ethyl carbodiimide hydrochloride (EDC)
 (2011) 1000–1003 1001

were purchased from Sigma–Aldrich (St. Louis, MO, USA). Carboxyl
quantum dots (QD, Qdot® 585 ITKTM) were obtained from Invit-
rogen (Eugene, Oregon, USA). N-hydroxysuccinimide (NHS) and
polyethylene glycol trimethylnonyl ether (Tergitol® TMN6) were
purchased from Fluka Chemicals (Milwaukee, WI, USA). 1-Hydroxy
cyclohexyl phenyl ketone (Irgacure® 184) was obtained from Ciba
Specialty Chemicals (Taneatown, NY, USA). Poly(dimethylsiloxane)
(PDMS) elastomer was purchased from Dow Corning (Sylgard 184,
Midland, MI, USA), which was composed of prepolymer and curing
agent.

2.2. Preparation of tyrosinase–QD conjugates

1 mL of tyrosinase solution (2.325 mg/mL in PBS, pH 7.0) and
1 mL of QD solution (0.1 �M in PBS, pH 7.0) were mixed with 1 mL
of 20 mM EDC and 1 mL of 40 mM NHS, which were dissolved in PBS.
The mixture was then incubated at room temperature for 24 h. Dur-
ing the incubation, the carboxyl groups of QD bonded with lysine
residues on the side chain amino groups of tyrosinase through the
EDC/sulfo-NHS coupling reaction [15].

2.3. Preparation of PHEMA hydrogel microparticles containing
tyrosinase–QD conjugates

PHEMA hydrogel microparticles containing tyrosinase–QD con-
jugates were synthesized via dispersion photopolymerization of an
aqueous monomer mixture in a continuous phase of silicon oil. The
formation of PHEMA hydrogel microparticles was based upon the
UV initiated free-radical polymerization of methacrylate groups of
PHEMA and PEGDMA. Since PEGDMA was used as a cross-linking
agent, highly cross-linked PHEMA networks formed. This network
represents a three-dimensional structure, capable of entrapping
a sensing element and a transducer such as tyrosinase–QD con-
jugates. The monomer mixture was prepared by mixing 1.4 g of
HEMA, 0.072 g (5.0 wt% of monomer) of PEGDMA, 0.036 g (2.5 wt%
of monomer) of Irgacure® 184 as an initiator, 0.132 g (9 wt% of
monomer) of Tergitol® TMN6 as a dispersion stabilizer, and 1 mL
of tyrosinase–QD conjugate solution. The monomer mixture was
then added to 20 mL of silicon oil. The mixture of oil and monomer
were purged with nitrogen gas for 5 min to remove dissolved oxy-
gen that would act as an inhibitor of the reaction and then stirred
using a homogenizer (Ultra Turrax T18 basic, ITK®, Wilmington, NC,
USA) at 11,000 rpm for 2 min to form a suspension. For the poly-
merization, the suspension solution was exposed to 1000 mW/cm2

of UV light for 300 s. The synthesized particles were separated
from the oil by repeated dilution with deionized water and cen-
trifugation at least five times. The washed microparticles were
stored in deionized water until future use. The shape and size of
the synthesized microparticles were observed using a fluorescence
microscope (BX51, Olympus® Co., Japan).

2.4. Fabrication of an analytic microdevice

An analytic microdevice for the detection of phenol was fab-
ricated by combining microfluidic channels and PHEMA hydrogel
microparticles containing tyrosinase–QD conjugates. Microfluidic
channels in PDMS were obtained by curing a 10:1 mixture of PDMS
prepolymer and curing agent against a Si master that had a negative
pattern of the desired microchannels defined with SU-8 negative
photoresist (MicroChem Co., Newton, MA, USA) [16]. After curing
for 5 h at 60 ◦C, the PDMS replica was removed from the master and
USA) with a glass slide for 1 min. Bringing the oxidized PDMS and
glass slide into conformal contact resulted in an irreversible seal
and thus formed an enclosed microchannel. To make inlet and out-
let ports in the microfluidic channel, several holes were punched
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ig. 2. SEM image of the PDMS device made from a silicon mold. The scale bar is
00 �m.

hrough the PDMS replica using a 16-gauge needle prior to bond-
ng the PDMS to the glass slide. Polyethylene tubes were inserted
nto these holes and then connected to a syringe pump (KD Sci-
ntific Inc., Holliston, MA, USA). In order to complete the analytic
icrodevice, synthesized PHEMA hydrogel microparticles contain-

ng tyrosinase–QD conjugates were entrapped in the chamber of
he microfluidic channel using a syringe pump.

.5. Fluorescent characterization

The change in fluorescence intensity of QD due to the enzymatic
eaction between phenol and tyrosinase was determined using
fluorescence microscope and a fluorescent spectrophotometer

Cary Eclipse, Varian Inc., Palo Alto, CA, USA). QD used in this study
ave an emission peak at a wavelength of 585 nm. For emission
cans, the excitation wavelength was set to 315 nm and the emis-
ion wavelengths were scanned from 315 nm to 650 nm. Various
oncentrations of phenol were introduced to the particles con-
aining tyrosinase–QD conjugates and the microdevice and then
uorescence intensity was measured.

. Results and discussion

Tyrosinase–QD conjugates were encapsulated in PHEMA
ydrogel microparticles by a dispersion photopolymerization. A
uorescence microscope image of the synthesized PHEMA hydro-
el microparticles containing tyrosinase–QD conjugates is shown
n Fig. 1a. The particles had a spherical shape and emitted a strong
range color when they were excited at 315 nm, which indicated
hat the tyrosinase–QD conjugates were successfully incorporated
ithin the PHEMA microparticles and the fluorescence property

f QD was maintained after the conjugation and encapsulation. In
rder to verify the preservation of the activities of enzyme and QD
uring encapsulation and the potential of the particles contain-

ng tyrosinase–QD conjugates as an optical biosensor, the emission
ntensities of the particles were examined by changing the con-
entration of phenol. Tyrosinase catalyzes the oxidation of phenol
nd phenol derivatives, in the presence of oxygen, to the respec-
ive catechol derivatives that are further oxidized by the enzyme
espective quinone intermediates [17,18]. The quinone intermedi-
tes act as electron acceptors and reduce the fluorescence intensity
f a fluorophore, known as a fluorescence quenching effect. There-
ore, in the presence of tyrosinase–QD conjugates and phenol,

uinone intermediates produced from the enzymatic reaction
etween tyrosinase and phenol can reduce the fluorescence inten-
ity of QD [19,20], the emission peak at 585 nm in this study. Finally,
t is possible to correlate the enzyme-catalyzed reaction between
yrosinase and phenol with the fluorescent change of the QD. The
Fig. 3. Fluorescence microscope images of PHEMA hydrogel microparticles con-
taining tyrosinase–QD conjugates entrapped in a reaction chamber in a microfluidic
channel: (a) before the phenol solution was introduced and (b) after an 800 �M
phenol solution was introduced at a flow rate of 1 �L/min (excitation at 315 nm).

emission spectra of particles containing tyrosinase–QD conjugates
as a function of phenol concentration are illustrated in Fig. 1b. The
emission peak at 585 nm decreased when the concentration of phe-
nol increased. This is because, as previously mentioned, when the
phenol concentration increased, more quinone intermediates were
produced by the enzymatic reaction and the emission intensity of
QD decreased. Moreover, as a result of monitoring the change in the
fluorescent intensity resulting from the enzyme reaction between
the tyrosinase in the particles containing tyrosinase–QD conjugates
and phenol over time, we found that the fluorescent intensity had
not changed significantly over 7 days. These results indicate that
tyrosinase–QD conjugates were successfully encapsulated in the
PHEMA hydrogel microparticles and they did not lose their activ-
ity after they went through polymerization. In addition, in order
to investigate the fluorescence recovery of QD in particles contain-
ing tyrosinase–QD conjugates, we compared emission intensities
of QD in particles containing tyrosinase–QD conjugates when the
phenol was added and after removed by washing with PBS. After
the phenol was removed, the emission intensity of QD was recov-
ered by 87% compared with the original emission intensity of QD
in the particles.

A key feature of the microdevices developed in this study was
the microfilter-incorporated reaction chamber. Fig. 2 shows a reac-
tion chamber in the microchannel fabricated with PDMS made from
a silicon mold. The in-channel integrated microfilters were incorpo-

rated in the reaction chamber to retain and collect PHEMA hydrogel
microparticles containing tyrosinase–QD conjugates within the
chamber while simultaneously allowing solution to flow through
the chamber. The microfilters were composed of rectangular pillar
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tructures. The distance between pillars was smaller than the aver-
ge diameter of the particles and thus the microparticles containing
yrosinase–QD conjugates could be trapped within the reaction
hamber. In this study, the gap between pillars was designed to
e 25 �m, so that the hydrogel microparticles greater than 25 �m
ere perfectly retained inside the reaction chamber without pass-

ng through the microfilter. In addition, since the dimension of
he reaction chamber was on a micrometer scale (chamber size
50 �m × 550 �m), collected hydrogel microparticles would be
onfined to a relatively small area, thereby facilitating detection.
o complete the device as an analytic microdevice for detect-
ng phenol, prepared PHEMA hydrogel microparticles containing
yrosinase–QD conjugates were pumped into the reaction cham-
er with a syringe pump at a flow rate ranging from 2 to 5 �L/min.
t this range of flow rate, the microparticles were retained in the
hamber without buckling or migrating. Finally, in order to eval-
ate whether the device fabricated in this study could be used
s an analytic microdevice to detect phenol, an 800 �M phenol
olution was introduced into the device at a flow rate of 1 �L/min
sing a syringe pump and the fluorescence response was investi-
ated. Fig. 3 shows fluorescent microscopic images of the reaction
hamber filled with PHEMA hydrogel microparticles containing
yrosinase–QD conjugates. As shown by the fluorescence intensity
rofile on the images, when the phenol solution was introduced, the
eaction between tyrosinase and phenol successfully quenched the
uorescence intensity of the QD. These results indicate the poten-
ial application of our device as an analytic microdevice for the
etection of phenol.

. Conclusions

For the first step in the development of analytic microdevices for
he detection of phenol, PHEMA hydrogel microparticles containing
yrosinase–QD conjugates were prepared via a dispersion pho-
opolymerization and these microparticles were then entrapped
ithin a microfluidic channel fabricated with PDMS. The emis-

ion intensity of PHEMA microparticles containing tyrosinase–QD
onjugates decreased when the concentration of phenol increased,

esulting from the fluorescence quenching effect caused by the
nzyme reaction between tyrosinase and phenol, which indicates
hat the activities of the tyrosinase and QD were maintained
hen they were conjugated and encapsulated within the PHEMA
ydrogel particles. After the microfilter-incorporated reaction

[
[
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chamber was prepared in the microfluidic channels, the parti-
cles were entrapped within the chamber and the phenol solution
was introduced into the chamber. The fluorescence intensity of
PHEMA hydrogel microparticles containing tyrosinase–QD conju-
gates decreased as phenol was introduced. To conclude, the devices
fabricated in this study using polymer hydrogel particles containing
enzyme–QD conjugates have the potential to be used as a microde-
vice for the detection of phenol.
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